Introduction
According to the World Health Organization (WHO), Mycobacterium tuberculosis (Mtb), the causative agent of pulmonary tuberculosis (TB), has surpassed human immunodeficiency virus (HIV) as the leading cause of death due to a single infectious agent. It is estimated that one-third of the global population is infected with Mtb. Although the majority of individuals are latently infected (LTBI), they have a 5% to 10% lifetime risk of reactivating TB, thus becoming an active reservoir of Mtb and facilitating TB transmission (1) . This Mycobacterium tuberculosis (Mtb) is a global health threat, compounded by the emergence of drugresistant strains. A hallmark of pulmonary tuberculosis (TB) is the formation of hypoxic necrotic granulomas, which upon disintegration, release infectious Mtb. Furthermore, hypoxic necrotic granulomas are associated with increased disease severity and provide a niche for drug-resistant Mtb. However, the host immune responses that promote the development of hypoxic TB granulomas are not well described. Using a necrotic Mtb mouse model, we show that loss of Mtb virulence factors, such as phenolic glycolipids, decreases the production of the proinflammatory cytokine IL-17 (also referred to as IL-17A). IL-17 production negatively regulates the development of hypoxic TB granulomas by limiting the expression of the transcription factor hypoxia-inducible factor 1α (HIF1α). In human TB patients, HIF1α mRNA expression is increased. Through genotyping and association analyses in human samples, we identified a link between the single nucleotide polymorphism rs2275913 in the IL-17 promoter (-197G/G), which is associated with decreased IL-17 production upon stimulation with Mtb cell wall. Together, our data highlight a potentially novel role for IL-17 in limiting the development of hypoxic necrotic granulomas and reducing disease severity in TB.
is further compounded by the increased prevalence of comorbidities, such as psoriasis and rheumatoid arthritis (2) , as well as the emergence of drug-resistant Mtb, including both multidrug resistant (MDR) and extensively drug resistant (XDR) species. The hypoxic and necrotic microenvironment that develops within granulomas is thought to provide a niche for Mtb persistence and antibiotic resistance (3) .
The TB granuloma, a hallmark of Mtb infection, is an organized conglomeration of immune cells consisting of lymphocytes, multinucleated giant cells, and macrophages, including foamy macrophages and epithelioid cells, and this structure functions to restrict mycobacterial growth and dissemination throughout the lung (4) . During pulmonary TB disease in humans, the presence of caseum-filled hypoxic necrotic granulomas in the lungs is associated with severe disease, facilitating bacterial spread and compromising lung integrity. Human pulmonary TB lesions are hypoxic (5) , and as a result, matrix metalloproteases such as MMP-1 associated with tissue remodeling are upregulated (5) . Previous studies have shown that animal models of TB (e.g., rabbit, guinea pig, and nonhuman primate) develop heterogeneous granulomas, wherein hypoxia is closely associated with necrotic granulomas as opposed to solid granulomas (6) . However, the host factors that regulate the development of such hypoxic necrotic granulomas during TB remain understudied.
In response to oxygen deprivation, the master transcriptional regulator hypoxia-inducible factor 1 (HIF1) is critical for metabolic adaptation within cells to promote survival (7, 8) . Oxygen sensing of HIF1 is mediated through its regulatory subunit, HIF1α, which is degraded by the proteasome during normoxia and stabilized in the absence of oxygen (9) . HIF1 facilitates the conversion of pyruvate from glucose, and shunts metabolism toward glycolysis, thereby promoting the final conversion to lactate. A similar shift toward glycolysis for ATP generation and away from mitochondrial oxidative phosphorylation, known as the Warburg effect, has been primarily studied in the context of cancer, in which HIF1 plays a key role in promoting the Warburg effect (10, 11) .
While proinflammatory cytokines and Toll-like receptor (TLR) ligands have been shown to promote the metabolic switch towards glycolysis (12) , less is known regarding how glycolysis is regulated during the formation of hypoxic granulomas during TB. Previous studies have reported increased IL-17-producing lymphocytes in human TB patients (13, 14) . Moreover, a cooperative relationship between IL-17 (also referred to as IL-17A) and HIF1α promotes disease progression in rheumatoid arthritis (15) and stimulates glycolysis in cancer models (16) . HIF1α also promotes IL-17 production through its major role as a transcriptional regulator of T helper 17 (Th17) polarization (17) . In cancer, IL-17-producing Th17 cells also promote inflammation and tumor proliferation (18) . Thus, we hypothesized that IL-17 may induce the development of hypoxic and necrotic granulomas during TB. Instead, we found that IL-17 plays a unique protective role in limiting hypoxia, through inhibition of HIF1α, and limiting myeloid-derived suppressor cell (MDSC) accumulation. In vivo neutralization of IL-17 in mice that develop necrotic TB granulomas induced hypoxia and increased HIF1α, resulting in severe susceptibility to Mtb HN878 (HN878) infection. Moreover, an HN878 mutant lacking phenolic glycolipids (PGLs) reduced IL-17 production in lung cells. This inverse relationship with IL-17 and TB disease translated to our findings in TB patients, in whom we identified a single nucleotide polymorphism (SNP), rs2275913, 197 bp upstream in the IL-17 promoter region where the G/G allele was linked with decreased IL-17 production and an increased association with TB. These studies together project an important, yet unrecognized, role for IL-17 in limiting hypoxia during TB.
Considering the large population of LTBI patients that have existing comorbidities (2) , our data caution the potential pathological consequences of the use of anti-IL-17 blocking agents for treatment of inflammatory conditions in TB patients.
Results

IL-17 limits HIF1α expression in vitro, while IL-17 neutralization exacerbates TB disease in vivo.
Lactate exits the cell via the monocarboxylate transport protein system, and accumulation of lactate reflects increases in the glycolytic pathway, a feature associated with hypoxia in multiple diseases (19) and Mtb-infected macrophages (20) . Thus, we sought to determine whether IL-17 could modulate lactate production in Mtb-infected macrophages. C3HeB/FeJ (FeJ) mice develop necrotic, hypoxic, and caseous TB granulomas, similar to the necrotic granulomas found in human TB (21) . Therefore, bone marrow-derived macrophages (BMDMs) isolated from FeJ mice were treated with recombinant IL-17 (rIL-17) and infected with HN878. Infection with HN878 induced production of lactate ( Figure 1A ) and HIF1α ( Figure 1B ), while treatment with rIL-17 inhibited lactate accumulation ( Figure 1A ) and decreased HIF1α expression ( Figure 1B) , indicating that IL-17 limits glycolysis and HIF1α expression in HN878-infected BMDMs. To determine the effects of IL-17 on the development of hypoxic necrotic granulomas during TB, HN878-infected mice received either isotype or IL-17-neutralizing antibody, and TB disease parameters were measured. Neutralization of IL-17 following HN878 infection resulted in substantially increased bacterial burden ( Figure 1C and Supplemental Figure 1 , A and C; supplemental material available online with this article; https://doi.org/10.1172/ jci.insight.92973DS1), severe pulmonary inflammation exhibiting necrotic lesions (Figure 1 , D and E), and exacerbated fibrosis ( Figure 1F ), when compared with HN878-infected mice receiving isotype antibody. Abundant HN878 was observed to be diffusely localized, along with a large accumulation of Gr1 + (Ly6G/ Ly6C) immune cells and inducible nitric oxide synthase-expressing (iNOS-expressing) cells within the granulomas of anti-IL-17-treated HN878-infected mice (Supplemental Figure 1, A-C) . This was in sharp contrast to granulomas containing localized HN878 and few Gr1 + cells in lungs of isotype-treated mice (Supplemental Figure 1, A-C) . The enhanced pathology and uncontrolled HN878 growth in anti-IL-17-treated HN878-infected mice coincided with increased expression of proinflammatory cytokines, including IL-1β, IL-6, tumor necrosis factor α (TNF-α), and granulocyte macrophage colony-stimulating factor (GM-CSF) in the lung (Supplemental Figure 1D) , and increased weight loss at later time points (Supplemental Figure 1E ). As our in vitro data suggested IL-17 might limit glycolysis, we determined whether HIF1α was stabilized in the absence of IL-17. HIF1α expression is a well-documented marker of hypoxia and necrosis in inflammatory diseases (19) . While HIF1α-expressing macrophages were fewer and localized within the granulomas of isotype-treated HN878-infected lungs, HIF1α-expressing F4/80 + macrophages and Gr1 Figure 2C ). In contrast, later IL-17 neutralization did not result in severe disease progression and only slightly increased HN878 burden at the time of harvest (Figure 2 , A-C). While Th17 cells are a major source of IL-17 in HN878 infection, γδ T cells can also produce IL-17 early after HN878 infection (22) . Consistent with these findings, γδ T cells were the major lymphocytic source of IL-17 in HN878 lungs despite accumulation of CD4 + and CD8 + T cells producing IL-17 in the lungs of HN878-infected mice ( Figure 2D ). The W-Beijing lineage, of which HN878 is a member, is widely distributed geographically and emergence of this family may be associated with antibiotic resistance (23) . Thus, we investigated the effects of neutralizing IL-17 on the development of antibiotic resistance in HN878 to isoniazid, a first-line antibiotic used against HN878. The frequency of isoniazid-resistant HN878 was 2-fold higher in anti-IL-17-treated mice compared with isotype-treated mice ( Figure 2E ), suggesting that neutralizing IL-17 supports a hypoxic environment that promotes the acquisition of antibiotic resistance. Together, these data provide potentially new evidence that IL-17 produced early upon HN878 infection, likely by γδ T cells, is required for limiting disease severity, limiting acquisition of antibiotic resistance, and conferring protective immunity against Mtb infection.
IL-17 neutralization leads to MDSC accumulation and decreased IFN-γ-producing CD4
+ T cell responses during Mtb infection. IL-17 has a well-documented role in the induction of chemokines that mediate neutrophil recruitment for pathogen control (22) . Thus, we determined whether IL-17 neutralization affected neutrophil accumulation in HN878-infected lungs. While the frequency of lung neutrophils was lower, total numbers of infiltrating neutrophils were similar between isotype-treated and IL-17-neutralized HN878-infected mice ( Figure 3A and Supplemental Figure 2A ). In addition, rIL-17 treatment of HN878-infected macrophages did not alter their ability to control HN878 growth in vitro, suggesting that IL-17 was not directly activating macrophages for HN878 control (Supplemental Figure 2B) Lung area per lobe covered by inflammation on H&E-stained formalin-fixed paraffin-embedded (FFPE) sections from HN878-infected isotype-antibody-treated (n = 4 mice) and anti-IL-17-treated mice (n = 3 mice) was quantified using the morphometric tool of the Zeiss Axioplan microscope. (E) Representative H&E images shown (×50 magnification). (F) Fibrosis was assessed using Masson's trichrome staining (×50 magnification, arrowheads depict collagen deposition). (G) Immunofluorescence staining using antibodies specific for HIF1α (red) and F4/80 (green) was carried out on FFPE sections (arrows indicate HIF1α-expressing macrophages) and (H) HIF1α staining was quantified (isotype-treated, n = 5 mice; anti-IL-17-treated, n = 10 mice). (I) Hypoxia was determined using pimonidazole (PIMO, red) and F4/80 (green) staining by immunofluorescence, ×200 magnification (arrowheads depict areas of hypoxia) and (J) PIMO staining was quantified (isotype-treated, n = 5 mice; anti-IL-17-treated, n = 10 mice). All data shown as mean ± SD. **P < 0.01, ***P < 0.001 by 1-way ANOVA (A) or Student's t test (B-D, H, and J). ns, not significant. Figure 3F ), suggesting that both M-MDSCs and G-MDSCs are functionally suppressive, and distinct from neutrophils, which do not exhibit suppressive function (24) . These data suggest that IL-17 mediates protection through limiting M-MDSC accumulation in the lung, resulting in optimal IFN-γ-producing CD4 + T cell responses to mediate HN878 control.
To further address the mechanism by which IL-17 impacts M-MDSCs during HN878 infection, we found that sorted M-MDSCs from lungs of IL-17-depleted HN878-infected mice expressed mRNA for inflammatory molecules such as IL-1α, IL-6, arginase, iNOS, as well as the chemokine CXCL2, previously shown to be expressed by MDSCs ( Figure 3G ). Additionally, upon infection with HN878, in vivo-generated MDSCs (iMDSCs) also expressed mRNA for these proinflammatory molecules ( Figure 3G ). Notably, both M-MDSCs and iMDSCs expressed increased arginase 1 mRNA, an enzyme associated with the immunosuppressive activity of MDSCs (24), compared with alveolar macrophages (AMs) and myeloid dendritic cells (mDCs) ( Figure 3G ). To determine whether the metabolic state of iMDSCs shifts during HN878 infection, iMDSCs were differentiated from bone marrow and infected with HN878. Lactate levels increased upon in vitro infection, suggesting a shift toward glycolysis. However, rIL-17 treatment completely reversed lactate accumulation in culture supernatants ( Figure 3H ). Interestingly, adenosine triphosphatase (ATPase), a marker of glycolysis, colocalized with iNOS and F4/80 within granulomas of isotype-treated i., bacterial burden was plated and the percentage of isoniazidresistant HN878 was measured by normalizing growth on isoniazid plates to total HN878 growth on non-isoniazid plates (n = 4 mice/isotype, n = 7 mice/anti-IL-17). All data shown as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 by 1-way ANOVA (B-D) or Student's t test (E). Figure 2C and cocultured with anti-CD3/CD28-stimulated, CFSE-stained CD4 + T cells for 3 days, and the number of proliferating CD44 hi CD4 + T cells normalized to 10,000 cells are shown (n = 4 biological replicates/anti-CD3/CD28 alone, n = 7 mice/G-MDSC or M-MDSC + anti-CD3/CD28). (G) qRT-PCR was used to determine expression of Nos2, Il6, Il1a, Arg1, and Cxcl2 in FACS-sorted M-MDSCs, alveolar macrophages (AMs), and myeloid DCs (mDCs) from HN878-infected mice (n = 5 mice) at 31 d.p.i., or HN878-infected in vivo-generated MDSCs (iMDSCs; n = 5 biological replicates) from FeJ bone marrow. (H) Lactate accumulation in culture supernatants of uninfected (n = 8 biological replicates), uninfected and rIL-17-treated (100 ng/ml, n = 3 biological replicates), untreated HN878-infected (MOI 0.1) (n = 8 biological replicates), and HN878-infected rIL-17-treated (n = 11 biological replicates) iMDSCs was assessed using a lactate assay. (I) RNA-Seq analysis depicting fold change of specific gene expression in lungs of anti-IL-17-treated HN878-infected FeJ mice (n = 5 mice) over the expression in isotype-treated HN878-infected mice (n = 3 mice) at 30 d.p.i. (J) Cxcl2 mRNA localization in lung was determined by in situ hybridization. Representative images are shown, ×100 magnification; arrows depict Cxcl2 expression within granulomas. All data shown as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001 by Student's t test (A-E), or 1-way ANOVA (F-H). ns, not significant. mice, while in anti-IL-17-treated mice, colocalization was increased and observed mostly within necrotic granulomas (Supplemental Figure 3A) . Furthermore, stabilization of HIF1α upregulates lactate dehydrogenase A (LDH-A), an enzyme necessary in the final step of anaerobic glycolysis whereby L-lactate and NAD are converted to pyruvate and NADH, respectively (19, 25) . Similar to ATPase, the expression of LDH-A was increased within F4/80 + macrophages in the necrotic lesions of anti-IL-17-treated HN878-infected mice (Supplemental Figure 3B ). As both ATPase and LDH-A are markers of glycolysis, these data support a shift towards glycolysis following HN878 infection and anti-IL-17 treatment. Consistent with the findings above, mRNA expression of genes regulating glycolysis such as Slc2a1, Slca3, hexokinases (i.e., Hk1), and members of the phosphofructokinase family (i.e., Pfk1) (26), was significantly higher in lungs of anti-IL-17-treated HN878-infected mice when compared with levels in isotype-treated HN878-infected mice ( Figure 3I and Supplemental Table 1 ). In addition, mRNA expression of genes associated with regulation, recruitment, and function of MDSCs such as Cxcl2, S100a8, S100a9, Arg1, Csf3, and Il11 was also higher in lungs of anti-IL-17-treated HN878-infected mice ( Figure 3I and Supplemental Table 1 ). mRNA gene expression associated with inflammation and lung damage such as albumin, Il1a, Il1b, serum amyloid proteins (SAA), matrix metalloproteases (MMPs), Ccl-chemokines, and collagenase (27) were also highly expressed in lungs of anti-IL-17-treated HN878-infected mice when compared with levels in isotypetreated HN878-infected mice. Furthermore, mRNA for Cxcl2, a key MDSC-recruiting chemokine (24), was highly expressed and localized within lungs of HN878-infected mice undergoing IL-17 neutralization, when compared with isotype-treated HN878-infected lungs ( Figure 3J ). These data together suggest that inflammatory MDSCs and macrophages are present within hypoxic TB granulomas and induced to express HIF1α, resulting in increased glycolysis; IL-17 restricts this shift by limiting HIF1α expression and impairing accumulation of MDSCs in TB granulomas.
HN878 PGLs are prime inducers of IL-1β production in lung cells. Cell wall components isolated from HN878, an emerging W-Beijing lineage strain, are potent inducers of IL-1β responses in C57BL/6J (B6) mouse lung DCs, thus mediating increased production of IL-17 in T cells (28) . To delineate the molecular mechanism by which HN878 increases IL-1β production, we carried out MALDI-TOF analyses to compare the differential biomolecule expression in cell wall components between the clinical strain used in this study, HN878, and the lab-adapted strain, H37Rv, which does not effectively induce IL-17 (28) . We identified 95 proteins that were increased in HN878 cell wall preparations, when compared with cell wall preparations from H37Rv (Supplemental Table 2 ). Consistent with previous studies (29) , the protein product of the pks1 gene, necessary for PGL production, was by far the most elevated with 34-fold increased expression in cell wall preparation from HN878, when compared with H37Rv (Supplemental Table 2 ). To identify the major cell wall component of Mtb that mediates increased IL-1β induction in DCs, we utilized purified fractions of H37Rv-and HN878-derived acetone-soluble (apolar) and -insoluble (polar) lipids, mannose-capped lipoarabinomannan (ManLAM), and phosphatidylinositol mannoside (PIM) to stimulate bone marrow-derived DCs (BMDCs). While neither PIM nor ManLAM induced differential production of IL-1β (data not shown), HN878-derived total lipids and polar lipids, but not apolar lipids, induced higher protein levels of IL-1β in BMDCs, when compared with IL-1β production in BMDCs stimulated with similarly isolated derivatives from H37Rv ( Figure 4A ). As previously published, total lipids obtained from BEI Resources did not induce IL-1β production in DCs (28) . Furthermore, loss of IL-1β production was observed in HN878 lipid-stimulated lung cells treated with purified anti-mouse CD282 (TLR2-blocking antibody), supporting a role for TLR2 in Mtb induction of IL-1β production ( Figure 4B ).
PGLs, produced by the polyketide synthase encoded by the pks1-15 gene, are a likely component of the acetone-insoluble polar lipids from HN878 (30) , but are absent in preparations from H37Rv cell wall preparations, due to the absence of a functional pks1-15 gene (Supplemental Figure 4A) . To determine the functional importance of PGLs in driving increased production of Th17 pathway cytokines, mouse total lung cells were infected with either HN878 or an Mtb mutant lacking the pks1-15 gene (HN878::Δpks1-15) (29) . Indeed, HN878::Δpks1-15-infected lung cells produced lower amounts of IL-1β, when compared with infection with wild-type HN878, suggesting PGLs are the primary mediators of increased IL-1β responses in lung cells ( Figure 4C ). Furthermore, increased IL-18 production by lung cells following HN878 infection, and the corresponding decrease in IL-18 following infection with HN878::Δpks1-15 suggests that PGLs trigger activation of the inflammasome for production of IL-1β ( Figure 4D) . Importantly, the decreased induction of both IL-1β and IL-18 coincided with decreased IL-17 production in lung cells infected with HN878::Δpks1-15, when compared with HN878 ( Figure 4E ). However, HN878::Δpks1-15 infection induced some IL-17 production, suggesting that although PGLs play a dominant role in driving IL-17 production, other HN878-specific factors may still participate in the induction of IL-17 responses. Treatment of lung cells with purified PGLs alone was sufficient to induce IL-1β in a dose-dependent manner ( Figure  4F ). Furthermore, upon HN878 cell wall stimulation, glycolysis, measured via real-time quantification of extracellular acidification rate (ECAR), was enhanced in macrophages when compared with unstimulated macrophages (Supplemental Figure 4B) . Together, these data support a critical role for PGL interaction with the host immune cells in the induction of glycolysis. Indeed, PGL-mediated induction of IL-17 may be one way to control pathogen-mediated hypoxic glycolysis.
Inhibition of HIF1α can reverse disease susceptibility in IL-17-neutralized Mtb-infected FeJ mice.
Our in vitro data show that IL-17 treatment of macrophages and MDSCs limits glycolysis, while IL-17 neutralization in vivo resulted in increased HIF1α expression and hypoxia following HN878 infection (Figure 1) . However, the kinetics of HIF1α expression in relation to the progression to a hypoxic lung environment in response to HN878 infection was unknown. Therefore, we measured PIMO and HIF1α expression and found that HIF1α, but not PIMO, expression is increased early in anti-IL-17-treated mice compared with isotype ( Figure 5 , A-C). As PIMO levels increase at later time points ( Figure 1J ) but not earlier ( Figure 5C ), HIF1α was increased prior to detectable changes in hypoxia. We next addressed whether increased TB disease and necrosis observed in IL-17-neutralized HN878-infected mice could be reversed by blocking HIF1α activity. Acriflavine is a compound that inhibits HIF1 dimerization and transcriptional activity by binding to the PAS-B domain of HIF1α, thereby reducing the HIF1-mediated hypoxic response (31) . We treated HN878-infected mice with IL-17-neutralizing antibody followed by acriflavine to determine whether, in the absence of IL-17, dysregulated HIF1α drives increased disease and susceptibility to HN878. Our results show that HIF1α inhibition by acriflavine treatment completely Lung cells isolated from FeJ mice were treated for 6 days with 10 μg/ml or 100 μg/ml PGL derived from HN878, vehicle (Veh), or left untreated (Un), and IL-1β was measured by ELISA (n = 5 biological replicates/PGL treatment, n = 4 biological replicates/untreated or Veh) (Student's t test performed between vehicle and 10 μg/ml PGL treatment, 1-way ANOVA performed between all groups). All data shown as mean ± SD. N.D., not detectable. *P < 0.05, **P < 0.01, ***P < 0.001 by Student's t test (D-F) or by 1-way ANOVA (A-C and F).
reversed both the increased bacterial burden and the exacerbated inflammation in HN878-infected mice undergoing IL-17 neutralization (Figure 6, A-C) . The effect of HIF1α inhibition was confirmed in vivo in mice receiving anti-IL-17, where acriflavine treatment resulted in reduced HIF1α expression within TB granulomas, when compared with HN878-infected mice receiving IL-17-neutralizing antibody alone ( Figure 6D ). Previously, acriflavine was shown to harbor bactericidal characteristics (32) . The minimum inhibitory concentration (MIC) of acriflavine against HN878 was 25 μg/ml (Supplemental Table 3 ). In vivo, we detected an acriflavine concentration of 1.5 μg/ml within the lung 24 hours following acriflavine delivery. Therefore, the in vivo effect of acriflavine in the lung is independent of its direct inhibitory effect on HN878 at higher concentrations. Thus, our data demonstrate that IL-17 limits HIF1α expression to downregulate hypoxia, necrosis, and TB disease during HN878 infection. In contrast, upon IL-17 neutralization, HIF1α expression within macrophages is increased, resulting in increased hypoxia, necrosis, and profound susceptibility to infection.
The IL-17 SNP rs2275913 is associated with susceptibility to TB. To further determine relevance to human TB, we first addressed if, when compared with H37Rv, the clinical isolate HN878 could differentially regulate the (Figure 7, A and B) . The induction of cytokines was limited to Th17 pathway cytokines, as neither IFN-γ nor TNF-α levels were increased in PBMCs stimulated with HN878 cell wall preparation when compared with H37Rv stimulation (Supplemental Figure 5, A and B) . Importantly, we also found increased expression of HIF1A mRNA in HN878-stimulated PBMCs of TB patients, when compared with HIF1A mRNA expression in PBMCs from healthy control individuals, or LTBI patients ( Figure 7C ). In addition, similar to lungs of HN878-infected mice, HIF1α protein expression colocalized mainly with CD68-expressing macrophages residing within and around the borders of granulomas from TB Figure 7 . IL-17 SNP rs2275913 differentially regulates IL-17 expression and is associated with TB. Peripheral blood mononuclear cells (PBMCs) were isolated from tuberculosis (TB) patients and stimulated with 10 μg/ml of either Mycobacterium tuberculosis lab-adapted strain H37Rv or clinical strain HN878 cell wall extract. Levels of (A) IL-1β (n = 19 patients) and (B) IL-17 (n = 20 patents) in culture supernatants were measured by ELISA. (C) Expression of HIF1A mRNA following stimulation with 10 μg/ml HN878 cell wall extract was determined by RT-PCR in PBMCs from TB patients (n = 30), latently infected TB (LTBI) patients (n = 30), or household controls (n = 55). (D) Formalin-fixed, paraffin-embedded lung sections from TB patients were stained for CD68 (green) and HIF1α (red) by immunofluorescence. Representative images shown (×200 magnification). (E) TB patients or household controls (HC) were genotyped for G/A, G/G, or A/A alleles of the rs2275913 SNP using the Sequenom assay as described in the Methods (n Total = 263 patients; n = 94 HC with G/G, n = 54 HC with G/A or A/A, n = 87 TB patients with G/G, and n = 28 TB patients with G/A or A/A). (F) IL-17 production in culture supernatants of HN878 cell wall extract-stimulated (10 μg/ml) PBMCs isolated from either G/A, A/A, or G/G genotype TB patients was measured by multiplex assay (n = 12 patients for G/G allele, n = 4 patients for untreated G/A or A/A alleles, and n = 5 patients for HN878-treated G/A or A/A alleles). *P < 0.05, **P < 0.01, ***P < 0.001 by 2-way ANOVA (A and B), 1-way ANOVA (C), or repeated-measures ANOVA (F). Figure 7D ). These data show that similar to murine cells, human PBMCs from TB patients respond to Mtb HN878 exposure by enhancing IL-1β and IL-17 production. Increased HIF1A mRNA expression was detected in PBMCs from TB patients and increased HIF1α protein within macrophages in TB granulomas, suggesting that hypoxia pathways are activated upon exposure to HN878.
patients (
Our experimental data support a critical role for IL-17 in limiting disease upon infection with HN878. Thus, we explored the potential role for SNPs in the human IL-17 locus that may be involved in the immune control of HN878 in humans. For this purpose we performed a high-throughput screen of 203 SNPs in human-host immune genes including genes belonging to the Th1 cell pathway (IFNG, TBX21), T follicular helper cell pathway (CXCR5, CXCL13, BCL6, ICOS, IL21) , and the Th17 cell pathway (IL1B, IL23R, IL23 , IL22, IL17A, and IL17F) (Supplemental Table 4 ). In a cohort of Mexican Amerindian individuals, we found that 1 of 3 SNPs, allele G of the SNP rs2275913, located at position -197 of the promoter region of the IL17 gene (IL17 -197G>A), was significantly associated with increased susceptibility to TB (χ 2 P value = 0.038) ( Figure 7E) . Additionally, the other 2 SNPs associated with increased susceptibility to TB were in rs2069837 (IL6 gene, χ 2 P value = 0.030) and rs2397084 (IL17F gene, χ 2 P value = 0.045). To understand the relevance of G/A or A/A versus G/G genotype with respect to HN878 infection and IL-17, PBMCs from G/A, A/A, and G/G allele-expressing TB patients were stimulated in vitro with HN878 cell wall proteins and IL-17 production was measured. PBMCs from IL17 -197A allele-positive TB patients (-197G/A or -197A/A) displayed a steeper increase in IL-17 production than TB patients with the IL17 -197G/G genotype (repeated-measures ANOVA [RM-ANOVA] P value = 0.04) ( Figure 7F ). Although IL-17 levels were not different at baseline (P value = 0.3992) between the -197 G/G, G/A, and A/A groups, exposure to HN878 cell wall products led to a significant change in IL-17 levels ( Figure 7F ). This is in sharp contrast to PBMCs stimulated with Mtb H37Rv cell wall, wherein G/A or A/A and G/G displayed a similar increase in IL-17 with no significant difference between alleles (P value = 0.8631, data not shown). Interestingly, the IL17 -197G/G genotype was significantly associated with infection by drug-resistant Mtb strains, when compared with patients with the IL17 -197G/A or A/A genotype (RM-ANOVA P value = 0.03) (Supplemental Table 5 ). However, there was no significant correlation between lung damage and drug resistance controlling for the rs2275913 SNP (Pearson partial correlation coefficient = 0.16, P value = 0.40) (Supplemental Table 5 ). These data together provide potentially new evidence that polymorphisms in the IL17 promoter region may influence the production of this cytokine in response to HN878 infection, supporting an important role for IL-17 in host immunity to TB.
Discussion
Hypoxic necrotic granulomas are associated with increased TB disease severity and promotion of antibiotic resistance (3, 6) . However, the host factors that regulate the development of hypoxic granulomas during TB are not well described. Utilizing a mouse model of necrotic TB, we show that IL-17 plays a critical role in limiting hypoxia and necrosis in HN878 infection by negatively regulating HIF1α expression and the subsequent metabolic shift toward glycolysis. Thus, IL-17 neutralization results in increased HIF1α expression, the promotion of hypoxic TB granuloma, and more severe disease outcomes. Importantly, in vivo inhibition of HIF1α reversed the severe disease outcome seen upon IL-17 neutralization in the necrotic mouse model. Furthermore, association of rs2275913 (a SNP within the human IL-17 promoter) with TB indicates an important role for IL-17 in TB disease. Thus, our data have important implications for TB disease and therapy. Firstly, our data show a potentially novel critical role for IL-17 in limiting HIF1α during TB. Secondly, our data caution the potential pathological consequences of the use of IL-17-blocking agents for treatment of inflammatory conditions in TB patients. Finally, as the development of HIF1α inhibitors for anticancer therapeutics are currently underway (33) , our data propose that repurposing HIF1α inhibitors as an effective therapy for TB patients should be considered further.
We show here that IL-17 can regulate HIF1α and limit the downstream development of hypoxic TB granulomas. This is in complete contrast to the known role of IL-17 and Th17 cells in promoting inflammation and tumor proliferation during cancer (18, 34) . It is possible that IL-17 can negatively regulate HIF1α by promoting its ubiquitination or inhibition of protein-protein interactions with HIF1α coactivators (35) . More recently, microRNA-210 was shown to directly target HIF1α mRNA (17) . Thus, early IL-17 production induced in response to Mtb infection may possibly utilize microRNAs to regulate HIF1α.
While IL-17 and HIF1α have been implicated in promoting cancer progression and shifting metabolism toward the Warburg effect, IL-17 may deviate from this previously characterized role in limiting HIF1α in the presence of pathogens such as Mtb. Furthermore, cancer studies have implicated IL-17 produced by Th17 cells in driving cancer progression (18) . However, in our study, early IL-17 production, likely produced by γδ T cells, limits HIF1α and progression towards hypoxic necrotic granulomas. Thus, the kinetics and cellular source of IL-17 may promote divergent roles for IL-17 in either promoting or limiting hypoxia under conditions of inflammation and infection. Future studies delineating these 2 different functions of IL-17 in inflammation and infection will provide new insights into the role of IL-17 in hypoxia and host immunity to infection.
IL-17 itself is associated with increased MDSC accumulation in cancer models (36) . MDSC-like cells have previously been described during TB disease in susceptible mouse models (24, 37) and early during disease in TB patients (38) . Both in experimental models and humans, accumulation of MDSCs is associated with increased TB disease severity, and depletion of MDSCs reverses TB disease severity in Mtb-susceptible mice (24, 38) . Consistent with these studies, our data show that IL-17 depletion results in increased HIF1α-expressing myeloid cells and accumulation of large numbers of MDSCs within TB granulomas, coinciding with increased disease severity and suppression of T cell responses. That MDSCs themselves have been implicated as IL-17 producers during Mtb infection (37) suggests that IL-17 made by MDSCs may be a necessary feedback loop to limit excessive HIF1α production in MDSCs. Interestingly, in a systemic Mycobacterium avium model of infection, mice deficient in HIF1α expression in myeloid cells demonstrated increased liver necrosis (39) . A recent study also showed that in a high-dose model of Mtb Erdman infection, mice deficient in HIF1α in myeloid cells demonstrated increased susceptibility to infection (40) . HIF1α was shown to induce IFN-γ-mediated killing by activating aerobic glycolysis (40) , suggesting that the pathways that modulate host protection versus pathology are finely balanced. However, the above studies were conducted in B6 mice; further studies on the role of HIF1α in human or nonhuman primate Mtb infection models may provide additional insights into the role of HIF1α in inducing pathology, as shown here in necrotic mouse models, versus protection as shown in the non-necrotic B6 mouse model of Mtb infection.
PGLs are key virulence factors present in virulent emerging Mtb strains (29) . Our data using HN878::Δpks1-15 as well as purified PGL from HN878, project PGLs as the primary inducers of IL-1β in BMDCs through TLR2, following subsequent induction of IL-17. Our data show no difference in disease progression between isotype-and anti-IL-17-treated H37Rv-infected mice, emphasizing an Mtb-straindependent protective role for IL-17 (28) . These findings are consistent with the ability of PGLs to induce the chemokine CCL2 to promote the recruitment of permissive macrophages in the host (41) . Incidentally, IL-17 can effectively induce CCL2 expression in the host under inflammatory conditions (42) . Additionally, HN878 infection resulted in a metabolic shift towards glycolysis, while inducing IL-17 production. These results support a role for IL-17 as a critical host factor that counterbalances the pathogen-mediated glycolytic shift. Our studies show that innate T cells such as γδ T cells, along with CD4 + and CD8 + T cells, are all IL-17 producers following HN878 infection. That early depletion of IL-17 alone is sufficient to induce increased susceptibility in HN878-infected mice supports the idea that innate sources of IL-17 are the primary IL-17 producers mediating the protective effect seen following infection. Consistent with this idea, γδ T cells respond to IL-23 and TLR2 stimulation to induce IL-17 production (43). Thus, our studies suggest that early interactions between PGLs, likely through TLR2 interactions, mediate important immune events necessary for protection against TB and to delay progression of Mtb infection.
IL-17 is a primary target for alleviating inflammation such as psoriatic arthritis, rheumatoid arthritis, ankylosing spondylitis, and multiple sclerosis (44) . Therefore, several candidates with targets along the IL-17/Th17 pathway are being developed for use in these inflammatory conditions. Monoclonal antibodies that selectively bind and neutralize IL-17 have been successful in phase III trials in psoriasis, showing superiority when compared with etanercept, a TNF-α blocker (44) . Despite not having a clear role thus far for IL-17 in TB, as a precaution, the studies testing IL-17 pathway blockers in humans have excluded LTBI patients in the study design. However, our work described here clearly suggests a protective and indispensable role for IL-17 in TB. Thus, for the first time to our knowledge we provide experimental evidence to propose that TB patients should not be treated with IL-17 pathway blockers, as this may result in profound consequences for progression from latency to TB disease, or development of severe TB disease.
As we identified a prominent role for IL-17 as a HIF1α regulator, IL-17 host genetics may be important indicators of outcome such as drug resistance and progression of TB. Our studies show that the -197G/A and -197A/A alleles in rs2275913 in the IL-17 promoter are associated with increased Human SNP genotyping SNP genotyping was carried out using the i-PLEX Gold MassARRAY system (Sequenom, Inc.) in the Genomics and Proteomics Core Laboratories (GPCL) at the University of Pittsburgh.
Primer design. Three primers were designed for each locus of interest using MassARRAY Assay Design 4.0. Assay Design software (Agena Bioscience) was used to determine primer set pooling to optimize multiplex reactions. Mass modifications were incorporated in the design of MassExtend primers, in order to maximize the mass differential between primers of different loci within a given multiplexed pool. Multiplexed pools were designed for up to 40 loci, depending on primer compatibility for the specific loci being assayed.
Sample amplification. Target loci were amplified within the samples by multiplex PCR. After completion of PCR, dNTPs and primers were removed.
MassExtend. Excess MassExtend primers corresponding to the loci represented by the amplification primers used were pooled. Higher-mass primers were added at a higher concentration to adjust for signal drop off during spectra acquisition. Single-base extension was carried out appropriate to the relative mass of the primer and amplification carried out. Clean resin and water were added to MassExtend reaction products and samples were incubated in clean resin at room temperature with mixing for 15 minutes and centrifuged at 3,200 g for 5 minutes. 
NanoDispense, spectra acquisition, and analysis. Samples were dispensed to a SpectraChip using the MassARRAY Nanodispenser (Agena Bioscience) according to the manufacturer's instructions. Spectrachips were loaded into the MassARRAY analyzer and spectra were acquired for each sample. MassARRAY Typer software uses the known mass of the MassExtend primers to identify each locus, and the increase caused by each distinct nucleotide to identify the alleles present in the sample.
Data analysis method. Data analysis and interpretation were carried out by the Bioinformatics Analysis Core (BAC) at the GPCL, University of Pittsburgh. Statistical association analysis was performed using a χ 2 test. SNP genotyping data corresponding to both control (household controls, n = 86 patients) and test (TB patients, n = 85 patients) groups from plexes 1-6 were pooled into 1 data file. As part of discovery, SNPs with P values less than or equal to 0.05 were considered as SNPs of interest (SOIs), putatively significant, and designated for follow-up validation. An additional set of control (n = 63) and TB (n = 30) patients were included for rs2275913 SNP genotyping.
IL-17 SNP genotyping by PCR
Genomic DNA (gDNA) was extracted from PBMCs isolated from TB patients using a Qiagen Blood Mini Kit (Qiagen). The IL17 −197G>A (rs2275913) SNP was analyzed. Genotyping was performed using a validated TaqMan 5′ nuclease assay (C__15879983_10, Life Technologies). Each PCR reaction used 15 ng of total gDNA, according to the manufacturer's instructions. All PCRs were performed using 96-well plates in a
Step One Plus Real-Time PCR system (Life Technologies).
RNA-Seq sample preparation and sequencing
Total RNA was isolated from lung tissue using an RNeasy RNA isolation kit (Qiagen). Each sample was assessed using the Qubit 2.0 fluorometer (Invitrogen, Thermo Fisher Scientific) and Agilent Tapestation 2200 (Agilent Technologies). Sequencing libraries were generated using a TruSeq RNA Access Library Prep Kit (Illumina) following the manufacturer's protocol. Cluster generation and 75-bp paired-read dualindexed sequencing was performed on the NextSeq 500 platform (Illumina). RNA-Seq analysis was performed using the Maverix Analytic Platform (Maverix Biomics).
Accession numbers
RNA-Seq data supporting the findings of this study have been deposited in BioProject with the accession code SRP113787. SNP data are available as part of the rs2275913 entry (batch ID 1062914) in the NCBI SNP data base (https://www.ncbi.nlm.nih.gov/snp/).
Mtb infection in mice
C3HeB/FeJ (FeJ) mice were obtained from The Jackson Laboratory and bred at Washington University in St. Louis. Experimental mice were age-and sex-matched and used between 6 and 8 weeks of age. Mtb wild type and mutant strains of HN878 (BEI Resources and Gilla Kaplan) were cultured to mid-log phase in Proskauer Beck medium containing 0.05% Tween 80 and frozen in 1-ml aliquots at -80°C. Mice were aerosol infected with approximately 100 CFU of bacteria using a Glas-Col airborne infection system (51) . At given time points, organs were harvested, homogenized, and serial dilutions of tissue homogenates plated on 7H11 plates and CFU determined. IL-17-blocking antibody (BE0173, Bio X Cell) or corresponding isotype control was administered (100 μg intraperitoneally [i.p.]) every 2 days as denoted. As acriflavine is fluorescent, acriflavine in lung homogenates from 37 d.p.i. was determined to be 1.5 μg/ml with a spectrophotometer and the fluorescence compared against an acriflavine standard curve.
Preparation of mycobacterial extracts for LC-MS
HN878 strains were grown on 7H11 agar supplemented with OADC (oleic acid, albumin, dextrose, and catalase enrichment supplement) for 14 days. Live bacteria were harvested and serially extracted at 37°C with chloroform/methanol (2:1, v/v and 1:2 v/v) and chloroform/methanol/water (10:10:3, v/v/v) for 2 hours per extraction. Extracts were washed with sterile endotoxin-free water (Folch wash), and the resulting organic phase dried down under a flux of nitrogen. Dried pellets were extracted with cold acetone overnight at -20°C under stirring conditions. Acetone-soluble extracts were aliquoted, dried, and kept at -80°C. Acetone-insoluble extracts were suspended in chloroform/methanol (1:1, v/v), aliquoted, dried, and kept at -80°C. HN878 PGL was purified by preparative thin layer chromatography (TLC) using a solvent system of chloroform/methanol (95:5, v/v). PGL was visualized as being positive by UV light and by using 10% sulfuric acid in ethanol as the developer. BEI Resources total lipids were obtained from bacteria grown to late-log phase in glycerol-alanine-salts broth and inactivated by γ irradiation as described in the NIH contract AI-75320 (https://www.beiresources.org).
Cell wall preparation in phosphate-buffered saline (PBS) was lyophilized and dissolved in 80 μl of Tris-HCl buffer (pH 7.6, 100 mM) containing SDS (4%) and dithiothreitol (DTT, 100 mM) and heated (95°C for 5 minutes). Samples were diluted with 300 μl of Tris-HCl buffer (pH 8.5, 100 mM) containing 8 M urea and transferred to Microcon filtration units (YM-30). SDS was removed using the filter-aided-sample-preparation (FASP) method (52). After buffer exchange, 100 μl of buffer (ammonium bicarbonate, pH 7.8, 50 mM) was pipetted into the Microcon filtration unit and trypsin was added (1 μg/μl). The digest was incubated for 4 hours at 37°C, and then overnight in a humid chamber after the addition of another aliquot of trypsin. The digest was acidified (5 μl of neat formic acid) and peptides were recovered by centrifugation to the lower chamber. Acidified peptides were treated with ethyl acetate as previously described (53) . Peptides were desalted by solid-phase extraction on a Beckman BioMek NxP robot with C4 and porous graphite carbon Nutips (Glygen) (54) . Peptides that eluted with acetonitrile (60% in 1% formic acid) were combined, dried in a vacuum centrifuge, dissolved in acetonitrile/formic acid (1%/0.1%, 25 μl), and pipetted into autosampler vials (SUN-SRi) for LC-MS analysis.
LC-MS
Peptide mixtures from solid-phase extraction were separated using a nano-LC (2D Plus pump, Nanoflex module and AS1 auto-sampler) (Eksigent) in a dual column configuration. The nano-LC was coupled to a TripleTOF 5600+ mass spectrometer (AB SCIEX) with a Digital Picoview source and a silica PicoTip emitter (10 μm) (New Objectives). cHiPLC columns (ChromXP C 18 (200 μm × 15 cm; particle size 3 μm, 120 Å) were equilibrated in acetonitrile (2%) containing 0.1% formic acid. Solvent A is water containing 0.1% formic acid. Organic gradients were produced by increasing the percentage of solvent B (0.1% formic acid in acetonitrile) using the gradient program (minutes:%B) 0:2, 5:0, 720:30, 760:80, 765:80, 770:2, and 790:2. Samples (10 μl) were loaded at a flow rate of 800 nl/min over 25 minutes. Data were acquired using an ion spray voltage of approximately 3 kV, curtain gas of 10 psi, nebulizer gas of 14 psi, and an interface heater temperature of 175°C. The mass spectrometer was operated with a resolution (full width at half maximum [FWHM]) of greater than 25,000 FWHM and 15,000 FWHM for TOFMS and MS2 scans, respectively. For data-dependent acquisition, survey scans were acquired in 250 ms from which 100 product ion scans were selected for MS2 acquisition with a dwell time of 100 ms. The Q1 was set to unit, which corresponds to 0.7 Th. MS2 spectra were recorded with a dwell time of 100 ms. Four time bins were summed for each scan at a pulser frequency value of 15.4 kHz through monitoring of the 40 GHz multichannel TDC detector with 4-anode/channel detection. A rolling collision energy was applied to all precursor ions for collision-induced dissociation using the equation CE = (slope × [m/z]) + intercept, where the slope for all charges above 2+ is 0.0625 and the intercept is -3,-5, and -6 for 2+, 3+, and 4+ respectively.
Protein identification
MS data were processed utilizing the AB SCIEX MS Data Converter v 1.3 (AB SCIEX) by converting the raw data files (*.wiff) to the Mascot generic format (*.mgf). Processed files were used for protein database searches using Mascot (Matrix Science; version 2.5.1). An Mtb database (Tuberculist_20140910, 4031 entries) was used to search the LC-MS data. The parent ion tolerance and MS2 fragment tolerance were set to 10 ppm and 0.05 Da, respectively. Carbamidomethyl of cysteine was specified as a fixed modification and oxidation of methionine was set as a variable modification. Protein identifications were performed using Scaffold, version 4.4.8 (Proteome Software Inc.) implementing the Protein and Peptide Prophet algorithms (55, 56) . Peptide identifications were accepted with greater than 90.0% probability. Protein identifications were accepted if they could be established at greater than 95.0% probability and contained at least 2 peptides with unique sequences. Protein probabilities were assigned using the Protein Prophet algorithm.
Lung cell preparation and flow cytometry
Lung cell suspensions were prepared as previously described (51) . Antibodies used for analyses were CD11b (clone M1/70, TonBo Biosciences), CD44 (clone IM7, eBioscience), and IFN-γ (clone XMG1.2, TonBo Biosciences). The following antibodies were from BD Biosciences: CD11c (clone HL3), Ly6G (clone 1A8), Ly6C (clone AL-21), CD3 (clone 500A2), CD4 (clone RM4-5), CD8 (clone 53-6.7), and IL-17A (clone TC11-18H10). Cells were acquired with the Becton Dickinson (BD) Fortessa flow cytometer using FACSDiva software, or the BD FACSJazz flow cytometer with FACSDiva software. Cells were gated based on forward-by-side scatter characteristics and the frequency of specific cell types was calculated using FlowJo (Tree Star Inc.).
In vitro cell culture
BMDMs, BMDCs, and MDSCs were generated from FeJ bone marrow as previously described (24, 51) . Supernatants were collected 24 hours after infection for protein or metabolic analyses. M-MDSCs (CD11b + Ly6G lo Ly6C hi ) were sorted using a BD FACSJazz flow cytometer and FACSDiva software. Where specified, cells were treated with the TLR2-blocking, purified anti-mouse CD282 (30 μg/ml, clone 6C2, Affymetrix eBioscience), or rIL-17 (100 ng/ml, R&D Systems) for 30 minutes or 24 hours prior to Mtb infection, respectively. BMDCs and total lung cells were treated with HN878 or H37Rv components, such as cell wall or lipid preparations (10 μg/ml each, or 20 μg/ml BEI Resources, obtained under NIH contract AI-75320, or prepared in house as described before).
In vitro Mtb infection
BMDMs, MDSCs, or lung cell preparations were infected with the specified MOI of HN878, HN878::Δpks1-15, or H37Rv, in antibiotic-free cDMEM. BMDMs and MDSCs were cultured for 24 hours, and total lung cells for 6 days. For Western blot analyses, BMDMs were infected for 48 hours. Supernatants were collected and cells were either stained for analysis by flow cytometry, or lysed with 0.05% SDS and plated for assessment of infection.
RNA isolation and quantitative real-time PCR
Total RNA was extracted as specified by the manufacturer from lung tissue or cultured cells using the Qiagen RNeasy Mini kit (Qiagen). The primer and probe sequences targeting genes were purchased commercially (ABI Biosystems). Gene expression was calculated relative to GAPDH expression and log 10-fold induction over the control group was assessed using the Δ ΔCT calculation.
Immunohistochemistry
Lung lobes were instilled with 10% neutral buffered formalin, embedded in paraffin, and processed as previously described (27) . Endogenous biotin was neutralized by adding avidin, followed by incubation with biotin (both Sigma-Aldrich). Sections were probed with anti-mouse F4/80 (clone Cl:A3-1, AbD Serotec) or mouse anti-human CD68 (clone PG-M1, Thermo Fisher Scientific) to detect mouse or human macrophages. Rat specific antibodies against Gr-1 (Ly6G/Ly6C, clone RB6-8C5, BD-Pharmingen) were used to detect neutrophils and monocytes inside pulmonary granulomas. To measure fibrosis, paraffin-embedded lung slides were deparaffinized with xylene and processed as previously described with Masson's trichrome staining (27) .
PIMO PIMO (Hypoxyprobe-1 kit) was dissolved in sterile PBS and 100 mg/kg was i.p. injected 2 hours prior to harvest. PIMO was detected on paraffin-embedded lungs.
Mycobacteria growth indicator tubes
Sterile water (4 ml) was added to an 8-ml sterile polystyrene tube with cap containing 8 to 10 glass beads. With a sterile loop, HN878 colonies (<14 days old) were removed and suspended in Middlebrook 7H9 broth. Tubes were vortexed (2-3 minutes) and the suspension held at room temperature for 20 minutes without perturbation. Supernatant was transferred to a new 8-ml sterile polystyrene tube with cap and left for another 15 minutes. Suspension was adjusted to a 0.5 McFarland standard using a spectrophotometer. Following a 1:5 dilution in sterile water, a 0.5-ml suspension was used to prepare growth control dilutions and to inoculate Mycobacteria growth indicator tubes containing acriflavine (dissolved in sterile endotoxinfree water at 1 mg/ml). Acriflavine concentrations tested were 0, 0.25, 0.75, 1.5, 3, and 25 mg/ml. Experiments were performed in triplicate except for the negative control (no drug) and positive control (100 mg/ ml, toxic level), which were both done in 6 replicates. Tubes were placed in a BACTEC automated instrument to monitor for growth.
Lactate detection
Lactate was measured in the supernatants of variously treated cells using the Lactate Assay Kit (SigmaAldrich) according to the manufacturer's protocol. Lactate was detected by absorbance at 570 nm (A 570 ).
In situ hybridization
Paraffin-embedded tissue sections were deparaffinized and washed in ethanol. Stringent in situ hybridization (50°C with 0.1 M DTT in the hybridization mix) was performed with 35 S-labeled riboprobes as previously described (57) . Images were visualized using an Olympus BX41 microscope and captured using a SPOT RT3 digital camera (SPOT Imaging Solutions).
Protein determination by ELISA and multiplex assay
Protein levels for cytokines and chemokines in culture supernatants or lung homogenates were measured using a mouse Luminex assay (Millipore) or ELISA kits (R&D Systems, MBL International Corporation).
Protein determination by Western blot
Mouse lung homogenates were lysed in RIPA Lysis Buffer (Santa Cruz Biotechnology) and heat denatured in reducing sample buffer (Thermo Fisher Scientific). Proteins were separated in 4% to 20% polyacrylamide gradient gels (Bio-Rad) and transferred onto PVDF membranes. Nonspecific binding was blocked with 5% milk in TBST (Tris-buffered saline, 0.1% Tween 20), and membranes were probed with primary antibodies against HIF1α (1:500; NB100-449, Novus), and GAPDH (1:1,000; sc-25778, Santa Cruz Biotechnology) followed by incubation with HRP-conjugated anti-rabbit IgG secondary antibody (1:10,000; sc-2030, Santa Cruz Biotechnology) and developed by Clarity Western ECL Substrate (Bio-Rad).
Real-time extracellular flux assay
Cells (1 × 10 5 per sample) were stimulated with HN878 cell wall fraction (NR14830, BEI Resources) at 20 μg/ml for 24 hours. Real-time ECAR was measured using the XF-96 Extracellular Flux Analyzer (Seahorse Bioscience) (58) . Three consecutive measurements were obtained under basal conditions.
Statistics
For murine studies, differences between the means of 2 groups were analyzed using the 2-tailed Student's t test in Prism 5 (GraphPad). Differences between the means of 3 or more groups were analyzed using 1-way ANOVA with Tukey's post-test in GraphPad Prism 5. A P value less than 0.05 was considered significant. In human studies, differences between baseline and Mtb-specific induction of IL-17 by PBMCs of the rs2275913 SNP, as well as association between the rs2275913 SNP and drug-resistant Mtb were compared by RM-ANOVA. Pearson correlation coefficient analysis was used to determine lung damage score association with the rs2275913 SNP.
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